During viral maturation, the cytoplasmic tail of the murine leukemia virus (MuLV) envelope (Env) protein undergoes proteolytic cleavage by the viral protease to release the 16-amino-acid R peptide, and this cleavage event activates the Env protein's fusion activity. We introduced Gly and/or Ser residues at different positions upstream of the R peptide in the cytoplasmic tail of the Friend MuLV Env protein and investigated their effects on fusion activity. Expression in HeLa T 4 cells of a mutant Env protein with a single Gly insertion after I619, five amino acids upstream from the R peptide, induced syncytium formation with overlaid XC cells. Env proteins containing single or double Gly-Ser insertions after F614, 10 amino acids upstream from the R peptide, induced syncytium formation, and mutant proteins with multiple Gly insertions induced various levels of syncytium formation between HeLa T 4 and XC cells. Immunoprecipitation and surface biotinylation assays showed that most of the mutants had surface expression levels comparable to those of the wild-type or R peptide-truncated Env proteins. Fluorescence dye redistribution assays also showed no hemifusion in the Env proteins which did not induce fusion. Our results indicate that insertion mutations in the cytoplasmic tail of the MuLV Env protein can suppress the inhibitory effect of the R peptide on membrane fusion and that there are differences in the effects of insertions in two regions in the cytoplasmic tail upstream of the R peptide.
Retroviruses enter the host cell through a membrane fusion process mediated by the viral envelope proteins in a pH-independent manner (25, 45) . The retroviral envelope proteins are synthesized as precursor proteins, which are processed by a cellular protease into two subunits: the surface (SU) subunit, containing the receptor binding domain and the transmembrane (TM) subunit, which interacts with the SU protein and is involved in subsequent membrane fusion (21, 47, 48) . The TM subunit contains three basic structural domains: an extracellular domain containing the highly hydrophobic N-terminal fusion peptide, which is thought to be directly involved in the fusion process, a membrane-spanning region of 19 to 27 amino acids for anchorage to the cell membrane, and a cytoplasmic tail (7, 11) . Studies with the influenza virus hemagglutinin (HA) protein have shown that it undergoes a conformational change at low pH, which exposes the buried fusion peptide at the distal tip of the protein for insertion into the target cell surface and which induces fusion between viral and cell membranes, allowing the joining of formerly separated aqueous compartments (45, 46) .
The envelope protein (Env) of Friend murine leukemia virus (F-MuLV) has structural features similar to those of other retroviral envelope proteins (9, 44) . However, the Env protein of MuLV undergoes another processing event during virus assembly that removes its C-terminal 16-amino-acid segment, designated the R peptide (13) . It has been shown that the cleavage of the R peptide from the Env protein of MuLV is important in activating the fusion activity of the Env protein and virus infectivity (16, 33, 34) .
Although several studies have analyzed the inhibitory effect of the R peptide on membrane fusion (12, 16, 50) , the molecular mechanism of the inhibition remains unclear. Previous studies with simian immunodeficiency virus (SIV) indicated that truncations in the cytoplasmic tail region altered the conformation of the external domain of the viral envelope protein (39) . Therefore, it is possible that there is communication between the cytoplasmic domain and the extracellular domain of the viral envelope protein during the fusion process, and the R peptide may regulate membrane fusion by affecting the conformation of the Env protein extracellular domain. In this study, we introduced different numbers of Gly and/or Ser residues, commonly used helix breakers (8, 17, 37) , into the cytoplasmic tail of the F-MuLV Env protein upstream of the R peptide coding sequence to interrupt possible ␣-helix formation in the cytoplasmic tail of the Env protein (36, 49, 52) and to potentially alter an effect of the R peptide on the external domain. We determined the expression levels and transport of the insertion mutants and analyzed the fusion activities of these mutant Env proteins. We also monitored hemifusion and fusion activity to investigate the steps of the fusion process which are affected by the R peptide and by alterations in the cytoplasmic domain.
the middle, with 10 to 15 bases of correct sequence on both sides, based on the cytoplasmic tail sequence of the wild-type F-MuLV Env protein (20) . The primers for mutant M619GS 1 (see Fig. 1 ) were as follows: forward primer, 5Ј-GTT AAAGACAGGATCGGATCAGTAGTCCAGG-3Ј; reverse primer. 5Ј CCTGG ACTACTGATCCGATCCTGTCTTTAAC-3Ј. All the other constructs at this site had the same flanking sequence except for the central insertion sequence (boldface) coding for the desired mutants. The primers for M619G were as follows: forward primer, 5Ј-CAATTTGTTAAAGACAGGGGATCAGTAGTC CAGGC-3Ј; reverse primer, 5Ј-GCCTGGACTACTGATCCCCTGTCTTTAAC AAATTG-3Ј. Those for M619A were as follows: forward primer, 5Ј-CAATTT GTTAAAGACAGGGCTTCAGTAGTCCAGGC-3Ј; reverse primer, 5Ј-GCCT GGACTACTGAAGCCCTGTCTTTAACAAATTG-3Ј. The same strategy was used for the design of primers at the other site for insertion mutations. PCR amplification was carried out by using the pGEM3-Menv plasmid as the template, which contains the full-length MuLV Env protein coding sequence in the pGEM-3 vector. PCR consisted of 20 cycles of 94°C for 1 min, 50°C for 1 min 10 s, and 72°C for 10 min. The PCR products were incubated with DpnI at 37°C for 1 h to digest the parental supercoiled double-stranded DNA and then transformed into Escherichia coli DH5␣ competent cells to repair the nicks in the mutated plasmid. All constructs were sequenced to confirm the presence of the desired insertion mutations and the absence of additional mutations. Protein expression, radioactive labeling, and immunoprecipitation. Protein expression was carried out using the recombinant vaccinia virus T7 transientexpression system (10) . HeLa T 4 cells were grown in 35-mm-diameter dishes to 70 to 80% confluence and then infected with vTF7-3, which expresses T7 polymerase, at a multiplicity of infection of 10 for 1 h. Lipofectin (GIBCO BRL) was used to transfect the infected HeLa T 4 cells with 3 g of plasmid DNA containing the MuLV Env protein coding sequences. At 12 h posttransfection, the cells were starved in Eagle's medium deficient in methionine and cysteine for 45 min, labeled with 100 Ci of [
35 S]Met-Cys (Du Pont, NEN) in 600 l of Eagle's deficient medium for another 45 min, and then chased in DMEM with 10% fetal calf serum for 4 h. Cells were lysed in lysis buffer (150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate [pH 7.5]) plus protease inhibitor (Roche) and immunoprecipitated with goat anti-MuLV Env antibody and protein A-agarose beads (Pierce) at 4°C overnight. Samples were washed with lysis buffer three times and prepared in reducing gel-loading buffer (125 mM Tris-HCl [pH 7.5], 4% sodium dodecyl sulfate [SDS], 20% glycerol, 10% ␤-mercaptoethanol). Samples were heated at 95°C for 5 min before they were loaded onto an SDS-10% polyacrylamide gel electrophoresis (PAGE) gel for subsequent autoradiography.
Biotinylation of cell surface proteins. Cell surface proteins were detected by a surface biotinylation assay (22) . At 12 h posttransfection, HeLa T 4 cells were starved with methionine-and cysteine-deficient Eagle's medium for 45 2 ) and incubated with 0.5 mg of NHS-SS-biotin (Pierce) in 1 ml of PBS-CM at 4°C for 30 min. Unreacted biotin was quenched by adding fresh DMEM. Cells were lysed with lysis buffer and then immunoprecipitated with goat anti-MuLV Env antibodies and protein A-agarose beads at 4°C overnight. Samples were washed three times in lysis buffer and then divided into two equal aliquots. One aliquot was used for immunoprecipitation, and the other one was treated with 10 l of 10% SDS and heated at 95°C for 5 min to release the Env proteins. The dissociated proteins were then dissolved in 1 ml of lysis buffer and incubated with 10 l of streptavidin-agarose (Pierce) for 5 h at 4°C. Biotinylated samples were washed three times with lysis buffer and heated at 95°C for 5 min before analysis by SDS-PAGE.
Fusion assay of wild-type and mutant MuLV Env proteins. The fusion activities of MuLV Env proteins were determined by the following procedure. HeLa T 4 cells were infected with vTF7-3 and transfected with plasmids containing the wild-type or mutant MuLV env genes using Lipofectin (GIBCO BRL) as described above. At 12 h posttransfection, HeLa T 4 cells were overlaid with XC cells, a transformed rat cell line which has the receptors for MuLV Env proteins (18) . Syncytium formation was observed 1 h later under a phase-contrast microscope. Syncytia were defined as giant cells with more than four nuclei within one single membrane. Ten fields from each sample were randomly selected, and the fusion activity was calculated based on the average value of the ratio of the nuclei in syncytia to the total nuclei in the same field.
Fluorescence dye redistribution fusion assay. We also determined fusion activity based on the redistribution of fluorescence dyes between the effector and target cells upon fusion, using the following procedures. (ii) Labeling with the lipophilic probes. XC cells were incubated with 2 M octadecyl rhodamine B (R-18; Molecular Probes) in 10 ml of PBS for 30 min at room temperature in the dark. Unbound probes were absorbed by adding 10 ml of DMEM with 10% serum and shaken for 20 min in the dark. Cells were then washed five times in PBS (26, 28) .
(iii) Fusion assay. Doubly labeled XC cells were resuspended in DMEM and overlaid on HeLa T 4 cells, which were transfected with wild-type or mutant MuLV Env proteins, and then incubated at 4°C for at least 30 min to allow cells to bind to each other. Cells were then transferred to 37°C to allow fusion to occur. Dye redistribution was monitored 5 min after cells were transferred to 37°C using a Nikon fluorescence microscope. Fluorescein isothiocyanate and rhodamine optical filter cubes were used for observing green and red fluorescent-dye transfer, respectively. The percentages of the fused cells to the total number of labeled cells were determined at different times and defined as the relative fusion activities.
RESULTS

Construction and expression of MuLV Env protein cytoplasmic tail mutants.
Previous studies showed that the R peptide has a potent inhibitory effect on the membrane fusion activity of the MuLV Env protein (33, 34) . To further investigate the mechanism of the inhibitory effect of the R peptide, we introduced different numbers of Gly and/or Ser residues upstream from the R peptide coding sequence in the cytoplasmic tail of the MuLV Env protein has 32 amino acids, and the C-terminal 16-amino-acid segment is designated the R peptide. Two sites were selected for insertion mutations. One site was located at the membrane-distal region, five amino acids upstream from the R peptide, after residue I619. We inserted a single Gly residue or Gly-Ser-Gly or Gly-Ser-Gly-Ser-Gly residues, which formed single, double, and triple Gly-Ser pairs, respectively, because of the already-existing Ser residue (S620) adjacent to I619. We also inserted different numbers of Ala residues at the same position for comparison. In order to avoid possible effects of the cytoplasmic tail elongation caused by the insertion mutations, we also constructed a mutant Env gene encoding a glycine residue in place of Ile-619, which generated a Gly-Ser pair without altering the length of the cytoplasmic tail. The other site that we chose for insertion mutation was located at the membrane-proximal region, which was 10 amino acids upstream from the R peptide, after the F614 residue. We introduced a single or double Gly-Ser or multiple Gly residues after F614 and also inserted a corresponding number of Ala residues for comparison. Sequence analysis confirmed that there were no additional mutations which occurred during the PCR amplification or plasmid construction.
To compare the synthesis and processing of wild-type and mutant Env proteins, we used the vaccinia virus T7 transient expression system to express the MuLV Env proteins in HeLa T 4 cells. Immunoprecipitation and surface biotinylation assays were employed to detect the intracellular and cell surface expression and secretion of the Env proteins. As shown in Fig. 2 , except for M614G4, which had a very low surface expression, all the mutant envelope proteins were effectively expressed and transported to the cell surface at levels comparable to that for the wild-type or the R peptide-truncated Env proteins, indicating that the mutations did not significantly affect the expression or transport of the MuLV Env proteins.
The effect of insertion mutations after I619 on the fusion activity of the MuLV Env protein. To determine whether the insertion mutations could interfere with the inhibitory effect of the R peptide on fusion activity, we analyzed the fusion activities of these mutant proteins. As shown in Table 1 , cells expressing the full-length MuLV Env (Menv) protein on the surface did not show any syncytium formation, whereas cells expressing the R peptide-truncated Env protein (MenvR-) showed significant syncytium formation after overlay with XC cells. Expression of the Env protein with a single Gly insertion after I619, which formed a single Gly-Ser pair because of the Ser (S620) residue downstream of I619, was also found to induce syncytium formation between HeLa T 4 cells and XC cells. In contrast, Env proteins having insertions of double or triple Gly-Ser pairs or multiple Gly residues after I619 (data not shown) did not induce any syncytium formation. When the effect of replacement with Ala residues at this region was examined, a mutant with insertion of only a single Ala residue was found to induce syncytium formation which was comparable to that of the I619GS 1 mutant. Mutants with other numbers of Ala insertions did not induce syncytium formation. The mutant with a replacement of I619 with G619, resulting in an internal Gly-Ser pair without altering the length of the cytoplasmic tail, or the Ala substitution (MI619A) did not induce syncytium formation either. As shown in Fig. 2 , those mutants which didn't exhibit fusion activities still had high expression levels on cell surfaces, indicating that the defect in syncytium formation is not due to a low expression level on cell surfaces. We also observed that the fusion process induced by the M619GS 1 and M619A 1 Env proteins was delayed compared with that induced by the MenvR-Env protein. The cells expressing the MenvR-protein began to fuse about 1 to 2 h after overlay with XC cells, while the syncytium formation induced by M619GS 1 and M619A 1 was first observed at about 5 h after the overlay with XC cells. The syncytia were also smaller than those induced by MenvR-. These results showed that a Gly-Ser insertion at the membrane-distal region of the cytoplasmic tail upstream of the R peptide suppressed the inhibitory effect of the R peptide and that the suppressive effect of the insertion at this region was sensitive to the lengths of the inserted sequences, though it was not amino acid specific. teins with insertions at the membrane-proximal region were analyzed for fusogenic activity, it was found that cells expressing mutants with a double Gly-Ser insertion after F614 (M614GS 2 ) or insertion of four Gly residues (M614G 4 ) showed the most-extensive syncytium formation (Table 2 ). Expression of Env mutants with a single Gly-Ser insertion or insertion of three Gly residues caused syncytium formation at a reduced level, and expression of single-or double-Gly insertion mutants also induced a low level of syncytium formation after 10 h of incubation with XC cells, suggesting that singleand multiple-amino-acid insertions have similar effects on the Env protein at this region. In contrast to what was found for the membrane-distal region, none of the mutants with Ala substitutions in this region showed any syncytium formation, indicating that the effect of the insertion mutations in this region was amino acid specific. The time course of the fusion process caused by these mutants was similar to that for M619GS 1 and M619A 1 . HeLa T 4 cells expressing Gly-Ser insertion mutant Env proteins began to fuse about 5 to 6 h after being overlayed with the XC cells, and the syncytia caused by these mutants were also smaller than those induced by the MenvR-protein.
Effects of mutations on lipid mixing versus content mixing.
During the first step in the fusion process, the outer membrane leaflets of the two closely contacted cell membranes fuse to each other without mixture of the cellular contents. The molecules in the outer membrane leaflet can be transferred between cells, and this step has been called hemifusion (53) . Following the formation of hemifusion, fusion pores between the two inner membrane leaflets can be established, resulting in the mixture of the cellular contents and complete fusion of cells (45, 46) . With some viral glycoproteins, including the influenza virus HA protein, changes in the cytoplasmic tail, such as substitution of a glycosylphosphatidylinositol anchor or elongation of the C terminus, caused an alteration of the fusion process and abolished the ability of the HA protein to induce complete fusion, but hemifusion was still observed (19, 27, 30) , indicating that, with some HA constructs, the fusion process can be arrested at an intermediate state. It was therefore of interest to determine if hemifusion could still be detected upon expression of Env constructs containing the R peptide or insertion mutations. We used fluorescence microscopy to monitor the dye redistribution between effector cells expressing MuLV Env proteins and the target cells with MuLV Env protein receptors on the cell surface. We loaded XC cells with two different fluorescent dyes, R-18 (red fluorescence), a membrane-impermeant dye which specifically labels the outer leaflet of the cell membrane (14, 24) , and calcein-AM (green fluorescence), a cytoplasmic dye which can freely diffuse through the cell membrane and label the inside of the cell (5, 23, 32) . We overlaid the doubly labeled XC cells on HeLa T 4 cells which were transfected with plasmids encoding MuLV 
a Fusion activity was designated as follows: ϩϩϩϩϩ, more than 50% of nuclei are in syncytia; ϩϩϩϩ, 30 to 50% of nuclei are in syncytia; ϩϩϩ, 20 to 30% of nuclei are in syncytia; ϩϩ, 10 to 20% of nuclei are in syncytia; ϩ, less than 10% of nuclei are in syncytia; Ϫ, no syncytia were observed. 
a Fusion activities were determined by counting the nuclei in syncytia and comparing this number with the total number of nuclei. ϩϩϩϩϩ, more than 50% of nuclei are in syncytia; ϩϩϩϩ, 30 to 50% of nuclei are in syncytia; ϩϩϩ, 20 to 30% of nuclei are in syncytia; ϩϩ, 10 to 20% of nuclei are in syncytia; ϩ, less than 10% of nuclei are in syncytia; Ϫ, no syncytia were observed.
Env proteins and allowed binding by incubation at 4°C for at least 30 min. We then transferred the cells to 37°C to induce fusion. As shown in Fig. 3 , cells expressing the full-length MuLV Env protein did not show any dye redistribution, while cells expressing MenvR-showed significant membrane and cytoplasmic dye transfer as soon as 15 min after overlay with XC cells. All the other constructs which had observable fusion activities, as indicated above, were found to exhibit both membrane and cytoplasmic dye redistribution. Compared with those for MenvR-, the membrane dye redistribution and cytoplasmic dye transfer for the other constructs were found to be delayed. Those constructs that did not show any cell fusion activities did not show any dye redistribution, indicating that they were unable to induce even hemifusion. Taken together, these results indicate that none of the MuLV Env protein constructs induced hemifusion unless they also induced cell fusion. Therefore, none of the molecules which are inactive in fusion activity are able to initiate the step of lipid mixing.
To investigate the kinetics of membrane fusion, we overlaid the doubly labeled XC cells on HeLa T 4 cells which were transfected with MuLV Env proteins and incubated at 4°C for at least 30 min to allow the cells sufficient contact with each other. Then we transferred the cells from 4°C immediately to 37°C to induce fusion. Dye redistribution was monitored 5 min after cells were transferred to 37°C. As shown in Fig. 4 , no dye redistribution was observed in the cells expressing the fulllength MuLV Env protein. Cells expressing the MenvR-protein were first found to show dye redistribution at about 15 to 20 min after the temperature increased and reached maximal level after 40 min. The dye redistribution found with the insertion mutants started at about 1 h and reached peak levels after 2 h. Unlike the results of the fusion assay described above, dye redistribution was found to occur much faster than syncytium formation. Cells expressing the MenvR-protein showed visible syncytium formation at about 1 to 2 h, while the dye redistribution occurred shortly after the temperature was increased. Similar results were obtained with the insertion mutants. The rates of dye transfer were about five times faster than that of syncytium formation, indicating that the fluorescence dye transfer assay is a faster and more sensitive assay for fusion activity than the syncytium formation assay. Also, dye transfer could detect the fusion between as few as two cells, while the fusion assay primarily detects more cells fused together to generate visible syncytia (4) .
In order to slow down the fusion process and to attempt to detect an intermediate state by decreasing the temperature, we incubated the cells at different temperatures after preincubation at 4°C. Compared with cells incubated at 37°C, the cells at 4 or 25°C (room temperature) did not show any dye redistribution, except for the cells expressing the MenvR-protein, which showed both outer membrane and cytoplasmic dyes transferred after a relatively long time (about 1 to 2 h), compared with the fast dye transfer rate (transfer began as early as 15 min) when cells were incubated at 37°C. The observed lack of any detectable intermediate fusion state induced by the MuLV Env proteins suggests that the transition from the hemi- fusion to the fusion process occurs quickly. Once the hemifusion diaphragm forms, the fusion pore is opened and steadily enlarges (26) .
DISCUSSION
In this study, we investigated the effects of insertion mutations in the cytoplasmic tail of the Friend MuLV Env protein on membrane fusion activity. We introduced different numbers of Gly and/or Ser residues in the cytoplasmic tail of the MuLV Env protein upstream of the R peptide by site-directed mutagenesis. We found that, at different insertion sites, there were different effects on the fusion activity. At the membrane-distal region upstream of the R peptide, we found that cells expressing a mutant protein with a single Gly insertion caused syncytium formation but that cells expressing proteins with insertions of more than one Gly or Gly-Ser residue did not show any syncytia. Also, cells expressing an Env protein containing only a single Ala insertion caused syncytium formation. In contrast, at the membrane-proximal region upstream of the R peptide, cells expressing mutant proteins with single or double Gly-Ser insertions caused syncytium formation and mutant proteins with insertion of multiple Gly residues showed various levels of syncytium formation. Also at this region, no Env proteins with Ala insertions were found to cause syncytia at all when expressed on the cell surface. These results indicate that there are differences in the effects of insertion in the two regions in the cytoplasmic tail of the MuLV Env protein upstream of the R peptide. We have also observed that, when the R peptide is truncated from the mutant Env proteins, full fusion activity is recovered in all the mutant Env proteins (data not shown), indicating that inability to induce fusion in some mutant proteins is due to the presence of the R peptide. We hypothesize that insertion mutations which result in recovery of fusion activity interfere with an interaction between the R peptide and the external domain and thus suppress the inhibitory effect of the R peptide. The hemifusion assay also showed that the Env mutants which fail to induce fusion could not induce hemifusion either, indicating that they are unable to initiate lipid mixing. Melikyan et al. (26) reported that cells expressing the Moloney MuLV full-length Env protein could induce both hemifusion and fusion when expressed in 293 T cells overlaid with XC cells but not overlaid with NIH 3T3 cells. They also reported that cells expressing Moloney MuLV Env proteins lacking the entire cytoplasmic tail still induced both hemifusion and fusion with XC cells but that mutants with a further deletion of part of the transmembrane domain could not induce even hemifusion.
Studies on the mechanism of viral envelope protein-induced fusion have been largely focused on the extracellular domain and the transmembrane anchor (6, 29, 41) . The extracellular domains of several viral envelope proteins have been crystallized, and their structures have been elucidated; these include the influenza virus HA protein, human immunodeficiency virus gp41, and Ebola virus GP2 (2, 3, 15, 43) . The cytoplasmic tail was not expected to play a role in membrane fusion; however previous studies have shown that the cytoplasmic tails of some viral envelope proteins can modulate fusion activity. Truncation of the cytoplasmic tail of parainfluenza virus type 3 F protein and simian virus type 5 F protein abolished fusion activity (1, 51) , and elongation of the cytoplasmic tail of the influenza virus HA protein by as little as one amino acid reduced fusion activity significantly, whereas addition of five amino acids abolished fusion activity completely (30) . In other circumstances, the cytoplasmic tail seems to be dispensable; removal of the cytoplasmic domain of the parainfluenza virus type 2 F protein did not affect its fusion activity (51) . In mammalian C-type retroviruses, the cytoplasmic tail is thought to function as a regulatory factor for membrane fusion activity as well as virus infectivity (16, 34, 42) . In SIV and human immunodeficiency virus type 1, truncation of the cytoplasmic tail caused increased syncytium formation, indicating a regulatory effect by the cytoplasmic tail on fusion activity (35) . MuLV is different from most other enveloped viruses in that its fusion activity is regulated by proteolytic cleavage of the cytoplasmic tail of its Env protein. The C-terminal 16-amino acid-segment, the R peptide, of the MuLV Env cytoplasmic tail is cleaved by the viral protease to render the Env protein fusogenic during virus budding (33, 38) . This cleavage is controlled during virus maturation to ensure appropriate propagation of the virus. It seems that the R peptide serves as a safety gate to prevent extensive fusion events from occurring at the surfaces of infected cells.
Previous studies in our laboratory showed that the R peptide has profound fusion-inhibitory effects not only in MuLV Env but also in SIV Env, a distantly related retroviral envelope protein that utilizes different receptors and fuses different cell types (49) , and that the region upstream of the R peptide cleavage site in the cytoplasmic tail was also involved in fusion inhibition (16, 50) . In other retroviruses the cytoplasmic tail appears to affect the conformation of the extracellular domain (40) , indicating that the R peptide may be able to modulate the conformation of the external domain of the MuLV Env protein. In studies of the Moloney MuLV Env protein, it was reported that the palmitoylation of the intracytoplasmic R peptide tilts the TM molecule in the membrane, thus affecting the conformation of the external domain of the TM protein and regulating membrane fusion activity (31) . It was suggested that the R peptide cleavage removes a conformational constraint on the cytoplasmic tail and causes a conformational rearrangement of the extracellular domain of the Env protein, promoting membrane fusion (52) . Crystal structure studies of the MuLV Env protein have shown that several ␣-helical regions are expected to exist in the MuLV Env protein TM subunit, such as the heptad repeat sequence which forms trimeric coiled coils similar to those of the influenza virus HA protein (9, 36, 52) . We hypothesized that the connecting region in the cytoplasmic tail between the R peptide and the external domain, which has been predicted to form an amphipathic ␣-helical region (16, 49) , is involved in the fusion modulation function of the R peptide. We found that, by introducing GlySer insertions in this connecting region, which would be expected to alter the rigidity of the helix, the inhibitory effect of the R peptide was suppressed. These results indicate the importance of this region in mediating the inhibitory effect of the R peptide. We also found that the two sites we examined for insertions had different responses to the mutations. The membrane-distal region was found to be sensitive to the length of the inserted sequence, and only a mutant with a single Gly insertion caused syncytium formation. Comparing the helical wheel structures of the cytoplasmic tails of the Env proteins, we found that the single Gly insertion changed the predicted amphipathic helix of the MuLV Env protein cytoplasmic tail and that the hydrophobic amino acid alignment was interrupted. The results obtained at the membrane-proximal region for insertion mutants were different from those found at the membrane-distal region. Mutants with insertions of as long as four Gly residues had significant syncytium-forming activity. Previous studies with the Moloney MuLV Env protein also have shown that the membrane-proximal and membrane-distal regions of the cytoplasmic tail have different tolerances to internal deletions and point mutations, which caused different membrane fusion phenotypes (16) . It has also been suggested that the R peptide could either interact with a cellular factor which is fusion inhibitory or prevent the Env protein from interacting with a cellular factor which is fusion promoting (50, 52) . It is possible that mutations in these two regions have different effects on interaction with a cellular factor. Taken together, the results indicate that, in addition to the R peptide, the size and conformation of the rest of the cytoplasmic tail are important in regulating fusion activity.
In conclusion, we found that insertion mutations in the cytoplasmic tail of the MuLV Env protein can suppress the inhibitory effect of the R peptide. We suggest that this occurs by breaking the rigidity of an ␣-helical region in the cytoplasmic tail of the MuLV Env protein and interfering with the communication between the R peptide and the external domain of the Env protein. The finding of different effects of insertion mutations at different regions supports the view that, although the cytoplasmic tail is not an absolute requirement for fusion activity, its structure is important for fusion modulation.
